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THE COMPRESSIBILITY BURBLE AND THE EFFECT OF COMPRESSIBILITY ON
PRESSURES AND FORCES ACTING ON AN AIRFOIL

By JOHN STACK, ‘W. F. LINDSSIY, and ROBEBT E. LITTEIL

SUMMARY

Simultaneous air-jow photographs and premuredis-
tributian measurement~were made of the N. A. C. A.
441,4 ainfoil at high speeds to determine the physicai
nature of the compressibility burble. The. tests were
conducted in tlu N. A. C. A. ,%&inchhigh-8peed wind
tunnel. The jaw photographs were obtained by the
8ch&’en method-and the pressure8 were simultaneously
measured for 64 8tatiirnscm the 6-inch-chord airfoil by
means oj a multiple-tube manometer. FoUourhg tlM
general program, a .fm mea8uremtmt8of total-pre.wure
1088in the wuke of the.aiqfoil ai high speeds were made to
ihXrate the magnitude of th+?fo88e8 invoiced and the
extent oj the di8iurbed regbn; and, finally, in order to
refate thi8 WWrh!to earlierforce-test data, a jome te8t of a
6-&h-chord N. A. (?. A. 441fi airfoil wiMmade.

The data prmented inchde the ?’e8uli8 of pre8eurt!-
distribution measurements and force te8ts for three low
angle8of attackfor a speed range extendingfrom one-tenth
tb 8peed of 8ound to epeeds in exces.~of the critic.d
zulues at which a breakdown qf the jlow, or compressi-
bility burble, 0CCUT8.

The resuU8show the general nature of the phenomenon
known a8 the compressibility burbb. % souru of the
inoreased drag ie 8hown to be a compression shack that
occurs on the.airfoil aa its speed approaches the speed oj
eound. Finally, it is indicated that considerable experi-
mentutianis neededin order to understandthephenomenon
completely.

INTRODUCTION

The development of the knowledge of compressible-
flow phenomena, particularly as related to aeronautical
applications, has been attended by considerable difE-
culty. The complicated nature of the phenomena 11ss
resulted in little theoretical progress and, in general,
recourse to experiment has been necessary. Until
recently the most important experimental results have
been obtained in connection with the science of ballistics,
but this information has been of little value in aero-
nautica~problems because the range of speeds for which
most ballistic experiments have been made extends from
the speed of sound upward; whereas, the important
region in aeronautic at the present time extends from
the speed of sound downward. Stud.ks of flow in

nozzles have yielded some valuable results, although
the available data do not appear to allow a reliabel
prediction of the air-flow phenomena associated with
airfoik. Previous published aeronautical experiments
have generally consisted of measurements of the forces
experienced by airfoil sections and propellers at high
speeds. These data demonstrate that serious detri-
mental flow changes may occur as speeds approach the
speed of sound but have not shown the character of such
flOW changes.

The principal result of the propekr tests appeara to
be the establishment of the critical speeds for many
stamdard blades. The force tests of airfoils have per-
mitted a wider i.wkrpretation of the propeller data and
have indicated the effects of certain shape changes on
the value of the critical speed. The theory of Glauert
and Ackeret has been substantiated in fair degree by
airfoil tests for speeds below the criticaI, but their
theory gives no clue as to any flow changes that hay
occur. This deficiency is important because tests of
both airfoils and propellers have shown the existence
of a criticaI speed dove which resistance to motion
becomes impracticably large. Taylor’s ekctric mwd-
ogy appears to give the best indication of the speed
at which these flow changes occur but givea little in-
sight into the phenomena.

It therefore appeared that the nature of the flow
changes must be discovered in order to explain the com-
pressibility effects which have been measured in previ-
ous experimem%. A research program was outlined to
obtain this information, to establish the limitations of
available theoretical work, and to obtain information
upon which developments of practical significance for
aeronautical applications could be based. The pro-
posed experiments included pressure-distribution meas-
urements for a typical airfoil and flow-visualization
experiments.

Preliminary flow observations by the scldieren
method were originally made for a cylinder and an N, A.
C. A. 0012 airfoil in the N. A. C. A. 1l-inch high-speed
wind tunnel. The observations with the airfoil were
correlated with previous force tests and the results
were fist shown at the N. A. C. A. Engineering Re- _
search Conference in 1934. A more general program
was then formulated that included pressure-distribu-
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tion measurements and sohlieren photographs. These
expotients were made in the N. A. C. A. 24-inch
high-speed wind tunnel with an N. A. C. A, 4412 air-
foil section of 5-inch chord. After the main program
had been completed, some additional tests were made
to study the magnitude of the energy losses associated
with high-speed flows; these tests comprised measure-
ments of the total-pressure loss that occurred in the
compression shock, which waa shown to exist in the
flow. In order ta ccmrelate the. data with previous

I,. ~-::. “ .-.”--..,’-,,:>,.~
1
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work, force taste of a 5-inch&ord N. A. C. A. 4412
airfoil were rdso made.

Most of the experiment were carried out dur.& 1935
and 1936. All the teds were made in the N. A. C. A.
24-inch high-speed wind tunnel:.. .Some.of the.outstand-
ing results have been published ig prelin@ry form as
references I and 2.

APPARATUS AND METHOD

The N. A. C. A. 24-inch Jigh-speed wind tunnel
(fig, 1) in which this investigation was conducted is .an
induction-type wind tunnel. Compressed air from
the variable-density wind tunnel discharged through an

mnula.r nozzle located downstream from tho test sec-
tion induces a flow of. air from the atmosphere through
the test section. Velocities approtiching the speed of
sound may be obtained at the test section. The tunnel
is located outside the building that houses the variablc-
deneity wind tunnel. Except for certain modifications
arisingfrom its outside location and its size, the methods
of operation are the same as for the n-inch high-speed
wind tunnel (reference 3). The =ential air pn~ages
are geom@icaI1y similar to those of the 1l-inch l@jh-
speed wind tunnel, and the general air-stream charac-
teristics of the tunnel are equivalent to those of the
n-inch tunnel except for the static-pressure gradient,
which is zero.

The method for flow observations and photography
is the scldieren method devised by Ttipler; the funda-
mentaI principles are described in reference 4. A
simp~e.d diagram of the apparatus used in them
experiments is given in figure 2. Light from a source
located at C, the principal focus of lens D, emerges
from lens D as a parallel benm, passes through the
converging lens D’ , and is brought to focus at E, the

FIGURE2.-SIrnPli!Tad dhgmm showkmthe 8chIlcrenmethcd.

principal focus of lens D’. At E a knife edge is located
so as to cut off most of the tight from the source C.
The model B is placed in the parallel beam that crosses
the test section A between the lenses so that its cross
section is perpendicular to the light beam and an image
is formed on the screen F, When air passes crrer tlm
modeI, its density, and therefore its optical index of
refraction, change. Thus, portions of the parallel beam

—

of light are bent and some of the rays that were pre-
viously interrupted by the knife edge now pms over
the kgife edge at E t.c-the screen F or, if desired, to a
photographic plate. The illumination on the semen
then shows regions of varying density.

For ‘these experiments the source light was a high-
intensi_ty spark. Lams D and D’ are of 5-inch
diameter and 26-iinchfocal length. The scrc~ F WfLS
replaced by a photographic plata mounted in a standard
8- by lo-inch studio-type camera from which the lens
had been removed. The camera was mounted so t.hnt
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the shutter was near the knife edge; photographic
operation was then similar to the methods normally
used in making photographs. Because of the small
diameter of the lenses in relation to tho airfoil chord,
it was necessary to use the full field of the knees; and,
further, because of the curved transparent wall sections
by which the model was supported (described later),
the resulting pictures, particularly near the leading and
the traling edges of the modeI, are not of high quality.
The results obtained, however, are satisfactory in that
they illustrate clearly the type of phenomenon which
occurs.

The pressures acting on the airfoil were measured by
means of a multiple-tube photorecording manometer
described in detail in reference 5. The manometer
contains 60 tubes arranged in a semis-rcle with a neon
light parallel to the tubes located at the center of the
semicircle. Photostat paper is dram from a roll,
located at the back of the manometer, around the tubes;
and the exposed hgtbs of paper are drawn up on
another roll also located at the back of the manometer.
A mechanism for automatic remote control is contained
within the manometer. During the tests three manom-
eter liquids were used: mercury for high speeds,
tdrabromoethane (specitlc gravity, approximately 3)
for medium speeds, md alcohol for low speeds.

The N. A. C. A. 4412 rectangular airfoil of 5-inch
chord and 30-iuc.hspan consists of a brass center section
of l-inch span and duralumin end pieces. Fifty-four
holes are arranged in two rows, one-fourth inch apart,
along the upper and the lower surfaces a.tthe center of
the brass section. These holes were connected to the
manometer by small brass tubes led out through two
large ducts in the lower surface of the dnralumin end
pieces of the model. The ducts were closed by dur-
ahunin covers shaped to the contour of the airfoil. The
brass center section and the dnralumin end pieces -were
bolted together and all joints were carefdly made to
preserve the contour and fairness of the model. A more
detailed description of this model is given in reference 5.

Mounted for tests, the airfoil extended through the
tunnel walk and was supported in carefully fitted cellu-
loid end plates that preserved the contour of the tunnel
wall. The model was originally d~ned for tests in the
variable-density wind tunnel where the supporting
system is such that the bending stressesat the center of
the model resulting from lift loads are amalI. For some
of the tests in the high-speed wind tunnel, it was neces-
sary to provide audit-q bracing to support the lift
loads because of the inherent structural weakness of the
model at the center section. This bracing consisted of
cables secured at the quarter-chord point of the airfoil
appro.xhnately 6 inches out from the center on either
side and fastened to the tunnel wall. These cables

appear in some of the schlieren photographs as dark
lines extending outward from the airfoil approximately
perpendicular to the lower surface; they should not be
confused with the compression shock.

The operation of the apparatus was controlled from
outaide because of the large rate of pressure change
within the tunnel chamber as the air speed was rapidly
varied. The test procedure consisted in flrat increasing
the speed to the desired value by a rnotor-cbiven valve
in the compressed-air supply Iine; the speed was meas-
ured by an outeide mercury manometer comected to
calibrated static plates. The camera shutter, which
wasoperated by an electromagnet, was then opened and,
at a signal immediately following, the electric circuit for
the manometer light and the source light in the schlieren
apparatus were closed. By this procedure the pressure
record and the flow photograph were sinmlt.aneously
obtained.

Supplementary tests.—ikher the completion of the
origimd program, some additional tssta consisting of
measurements of total-pressure loss behind the airfoil
and force tests of a 5-inch-chord durahrnin airfoil were
made. For the measurements of total-pressure 10SS,
the individual tubes of a rake of impact tubes were
connected to a manometer and the pressure distribu-
tion and the total-pressure loss were simultaneously
measured. Owing to inauflicient manometer equip-
ment, these tests were incomplete and the pressure data
include, except for one series of tests, the measurements
of pressure distribution and total-pressure loss for only
the upper surface of the model. Furthermore, the
schlieren apparatus had by this time been dismantled
so that no flow photographs were made.

The rake of impact tubw was made of 19 tubes
and edended from the tunnel walI to a point itwee-
fourtha inch past the quarter-chord axis of the model.
The forward ends of the tubes were located one-half
inch behind the t.rding edge of the model. The loca-
tions of the tubes are shown by the points on the plots
(figs. 18 to 20). Because of the relatively large spacing
of the tubes ancl the insufEcient manometer equipment,
total-preesure 10SSSSfor low speeds could not be accu-
rately obtained and the data as presented ahow only the
loss that occurred at high speeds after a compression
shock had formed. As previously noted, thesemeasure-
ments were made after the main program had been
completed and are exploratory in nature. The results
should therefore be considered mainly for qualitative
purposes.

The force tests of a 6-inch-chord allduralumin airfoil
were made in the manner described in reference 3. A
complete description of this model is given in reference
6. One important difference betwem the methods em-
ployed for the pressure-distribution tests and the force
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testswas the manner in which the models were mounted.
For the force tests, the model was mounted on the bal-
ance and extended across the. tunnel, passing through
holes, which were of the same shape as but slightly
larger than the model, cut in flexible brass end plates
that preserved the contour of. the tunnel w.f@. ‘J’hUs,.

leakage of air occurred around the model ends. The
pressure-distributionmodel was tested before the .~$al-
lation of the balance and was supported by the end
plates; the consequent tight fit permitted no appreciable
end leakage.

The balance, except for improvements that permit a
more accurate determination of the forces, is similar in
principle to the one used in the 1 l-inch high-speed
wind tunnel and the methods of operation are likewise
similar to those employed in the operation of the 1I-
inch tmmel (reference 3).

Range of tests.—The speed. range over which meas-
urements were made extended, in general, from one-
tenth the speed of sound to values in excess of the.
critical speed. The corresponding Reynolds Number
range wu horn approximately 350,000 to nearly
2)000,000. Tests were made for only small angles of
attack because the primary purpose of the experiments,
to discover the nature of the flow phenomena at the
critical speed, could be accomplhhed at-small angles of
attack, and further, the extension of the tests to higher
angles of attack would add a cofiderable amount of
work without, it was felt, adding materially to the
fundanmntd signitlcance of the remits obtained. In
the supplementary tests, the force measurements were
made for the speed range and the angle-of-attack range
previously noted, but the pressure-loss measurements
were made only for speeds in the critical region.

RESULTS

The following symbols are used in this report:
c, speed of sound.

V, speed of the general air stream.
u, local velocity of the air stream.

U1,local velocity in front of the compression shock.
ti, local velocity be~d the compre~on ShOCk.
m, density in front of the compression shock.
m, density behind the compression shock.

M, compressibility index, V/c.
Y, specific-heat ratio; value taken, 1.4.

pa, atmospheric pressure.
y, static pressure in the free stream,

p I,local static pressure (as at airfoil surface).
PI, airfoil surface pressure in front of the compression

shock.
PU ai?foti Surface presgqe behd the compression.-

shock.
P, pressure coefficient, (p,-p)/q (the ordinate of the

pressure-distribution diagram).

PO,pressure coefficient for incompressible flow.
PC,critical-pressure coi%icient, that is, the pressure co-

efficient corresponding to the local velocity of
sound (0.528 p~—p)lq.

H, total pressure (or impact pressure). Free-stream
value of H equals pa for the 24-inch high-speed
wind tunnel.

H,, total pressure in front of the compression shock.
EL, total presstire behind the compression shock,
x/c, distance from leading edge in percent of chord.

The test data have been reduced to standard non-
dimensional form. The dynamic pressure q and t-ho
compressibility index M were determined by measure-
ments of the pressures at calibrated static-pmssuro
ofices in the tunnel wall. These orifices were con-
nected to the photorecording manometer and, like the
pressures acting on the surfaces of the airfoti, the
orifice pressures were determined by measuring the
deflections of the liquid in the manometer tubes M
shown on the photographic records. A detailed
description of the method for computing g and hl is
given in referents 3,

The pressure-distribution datn me prcsontc~ in
figures 3 to 5. Figures 6 to 8 me schlieren photo-
graphs, each of which corresponds to one of the pressuro-
distribution diagrams given in figures 3 to 5. Plots of .
the airfoil characteristics (lift coefficient CL,drag cocfli-
cient CD,and pitching-moment coellicient Cma,)ob tainwi
horn integrations of the pressure distribution rmd the
force-test data me presented in figuras 9 to. 11 h a
form that illustrates the effect of compressibility.
Some .of the more significant local effects of compressi-
bility are shown in figures 12 to 14. Figure 15 is in-
eluded.to illustrate the effect that variations in Reynolds
Number may have on the local pressures.

The magnitude of the energy losses in the flow thut
give rise to the large drag increases at high speeds ia
d.lustrated by figure 17. Figllreg 18 to 2I show the
loss in total pressurebehind the compression shock that
occurs at high speeds. In figure 22 a curve from which
the critical speed may be estimated is given and com-
parisons with the test data are included.

PRECISION

Inaccuracies arisimgfrom vmiations of the dynamic
pressure, directional variation of the flow across the
test section, and static-pressure gradient are insignifi-
cant. The tunnel-wall effect, however, is important,
particularly as related to the comparison of tho results
of force and pressure-distribution tests. In the pres-
sure-distribution tests, the tight juncture of the model
and the tunnel wall permitted no appreciable cnd
leakage and, furthermore, measurements were made
only at the center section of the model; as a result, the
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m) M-o. 100; test 2H.3. (b) M-O. 1S8; Wt 24-25.
(c) M=cl XW tam 24-8. (d) M-II 3S4 test 24-2S.

FIGCEE3.—Pre.wre distribution for tlm N. A. C. A. 4412akfoil. a=–2°.

data cIosely approximate those for tsvo-dimensional

flow. For the force tats, however, there was a small
clearance where the model passed through the tunnel
walls, which appears, from preliminary investigations,

h necessitate an important correction for leakage as
well a9 for tunnel-wall effect.

Other errors are indioated by the scatter of the points
on the curves. For the pressuredistribution data,
figures 3(f), 3(k), 4(c), rmd 4(f) show that, for low
speeds, the accidental error is negligible; but, at speeds
approaching and beyond the critical, the error ia in-
creased owing to the flow unsteadiness caused by the
eompreasion shock. Integrations of the pr-ure-dis-
tribution diagrams are subject ta additional errors
arising from variations in the fairing of the curves,
particularly in the region -wherecompression shock may
occur, and the magnitude of these errors is inoluded in
the point scatter in figure 9.

Errors in the integrated values of total-pressure loss
may be large owing h the smalI number of measure-
ments made in the wake of the wing and the corrwpond-
ing uncertainty in the drawing of the curves. These
data, however, are intended ta show qualitatively the
ma=titude of the loss and quantitatively the extent of

the flow disturbance at the compressibility burble.
When the data are used for these purposes, the errors
are insignificant.

Balance calibrations before and after the force tests
agreed -rery closeIy. In general, force-test results can
be repeated to within 3 percent.

Further errors may arise horn variations in tho static-
plate calibrations and the effect of atmospheric hu-
midity. For these tests, howeyer, there were no
measurable changes in the static-plate calibrations,
which were repeated several times during the progress
jf the tests. Humidity effeots under certain conditions
may be large because of the high expansion and the
:onsequent lowering of temperature that occurs as
Lhe air is accelerated to the high speeds attained
k the high-speed wind tunnel. Preliminary tests,
howevwj indicated a value of the relative humidity
below which no measurable effects occurred and most
]f the data were therefore taken for humidity condi-
tions corresponding to the region in which no
>ffects could be measured. A small amount of the
Iata was taken at conditions exceeding the indioated
tit, but the errors are included in the scatter of
bhetest points. .—
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(E)M-R 191; t.?at24-!2s. (b) M-U 6124 test 24-2?.
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DISCUSSION

Examination of the pressure-distribution diagrams
and the flow photographs (figs. 3 to 8) will give a generrd
indication of the effect of compressibility and an illus-
trat,ion of the nature of the flow changes that occur.
At low speeds, the shape of the pressure-distribution
diagrams is in agreement with the results of previous
tow-speed tests. As the speeds are increased, however,
the area of the diagrams is incremed as a remit of the
increases in the value of the local pressure coefficient..
This change continues without appreciable modMca-
tion of the general flow pattern until speeds in the field
of flow equal or exceed the local speed of sound. When
this condition occurs, there is a marked change in the
type of flow.

The important characteristic of the flow now estab-
lished is iIIustratd by figures 6, 7, and 8. A disturb-
ance is formed as indicated by the sharplines that project
outward from the airfoil approximately perpendicularly
to the airfoil surface. Correlation of the photographs
and the pressuredistribution diagrams show that the
location of the disturbance on the airfoil surface
corresponds to the Iocation of the discontinuity in the
diagrams.

The dotted line on the diagrmns shows the value of
the pressure coefficient corresponding to the attainment

83

of the locrd speed of sound. When values of the local
pressure coefficient rise above the value corresponding
to the local speed of souncl, esamimdion of the diagrams
and the flow photographs indicates that a compr~ion
shock is formed which, with a further increase of speed,
becomes more intense and moves back along the airfoil,
ultimately reaching the tmiling edge. Other data
(reference 1) show that, when the trailing edge is
reached, further increases in speed add considerable
downstream slope to the disturbance.

Previous studies of compressibility effects have been
based on force-test data; in order to correlate these
data with the results of the present investigation,
force-test data have been included in figures 9 and 10.
A strict comparison is not possible because of previously
explained dMerences in tunnel-wall effec~ for the force
and the pressuredistribution tests. Changes due to
compressibility, however, are comparable and it is
apparent from examination of the figures that the results
of the force tests and the integrated data obtained from
the pressuredistribut.ion tests are in excellent agree-
ment regarding the effects of compressibility. & the
speed is increased, the lift at &at increases, the increase
becoming greater untiI h.1.ly a- speed is reached at
which there is a sudden loss of lift. The rate of increase
of lift is approximately the same for both the preasure-
distribution and the force-test results, and the critical
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speed for equal lift coefficients is in approximate agree-
ment.. Examination of the drag data illustrates rela-
tively little change in drag until the critical speed is
reached, when there is a rapid rise in the drag coefE-
cient. It should be remembwed, however, that the
pressure-distribution results give ody the pressure drag
for approximatdy twodimensional flow, whereas the
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force-test data include the friction drag and some in-
duced drag due to tunnel-wall effects. -

The effects of compressibility on the pitching-moment
coefficient (@g. 9) are also in good agreement. Aa the
speed is increased, there is fist a gradual increase in the
diving moment until the critical speed is reached, when
the moment undergoes large and rapid increases.
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Correlation of these data with the pressuredistribution
diagrams and the flow photographs (figs. 3 to 8) shows
that the critical speed is approximately the stream
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velocity for which the local speed of sound is attained at
some point over the airfoil surface. The rise in drag

and the loss in lift are therefore msociatcd with the flow
change that occurs when the compression shock is
formed.

The data, in general, show that two types of flow
occur. The first type is o flow similar to the usual low-
speed type but chrmging progressively and uniformly
in such a way as to give rise to increasing prcasuro
coefficients, which type of flov exists for speeds up to the
critical; that is, a flow with speeds nowhere c..cecding
the local speed of sound. The second type is a flow
with compression shock in which speeds both above ~nd
below sound speed occur,

COMPRESSIBILITY EFFECTS IN THE SUBSONIC REGION

Glauert ancl Aclieret (references 7 and 8) huvc
studied, theoretics.IIy, the effect of compressibility in
a potential flow and, although their methods of nnalysis
Wlkred, both arrived at the same result. They found
that the lift for a given angle, or the lift-curve slopc,
was increased by the amount I/~~.-- The theori+
ical ~esult is & agreement wiW theso espcrimcnts, M
shown in fjgure 11, Ordinmily, the agreement is not
so good as shown by this particular airfoil but tho
theoretical variaticm does, in general, correlatn the
dMerenc@ @ lift between high aridlow speeds providml,
of course, that the critical speed is not exceeded.—
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Ackeret concluded from his analysis that the local
induced-pressure differences, as well as the lift, would
likewise be increaaed; a comparison of the theoretics
result with the maximum negative pressures obtained

on the surface of the airfoil is given in figures 12, 13,
and 14. The location of the maximum negative-
pressurecoefficient, the variation of the critical-prewmre
coefficient, and the ratio of the maximum negative-
pressure coefficient to the critical-presmre coefllcient
are also shown on the figures. The data show that
theory underestimates the ccunpressibility effeot when

‘the maximum negative pressure occurs near the lead-
ing edge and when the speeds exceed four-tenths the
speed of ammd. .At –2° and –0°16’ angle..of attack
(figs. 12 and 13), the disagreement for the lo~er sur-
face is large. The location of the point of maximum
negative pressure for thesa two conditions is less than
6 percent of the chord from” the leading edge, as ig
show-n by the figures. When the m@ymm negative
pressures occur back. of approximately 20 percent of
the chord, the theoretical variation is in good agree-
ment for speeds up to four-tenths the speed of sound,
but above this speed the theoretical and the experi-
mental results diverge. The practical significance of
this disagreement is important in that it affects the
accuracy of estimates of the.critical..speed; these esti-
mates will be discussed later,

The probable reasons for the discrep&cy ‘lie in the
assumptions and the approximations made in the de-

velopment of the theory. The most important assump-

tion afkcting the accuracy of the theory concerns the

induced velocities, which are resumed to be negli@bly

small; and, further, in order. to obtain a usable result,

the speed of sound is assumed constant throughout the

flow field. The approximation for the speed of sound

can, in fact, be shown to be equivalent to m assump-

tion of zero as the value of the induced velocity,

the

Disagreement with the theory may thus be expected
when the induced velocities, as is usual, depart con-
siderably from negligibly small values.

The development of a rigorous theory that would
enable the computation of the act~al pressures appems
improbable for practical use, but ammination of theo-
retical results available (references 5, 9, and 10) appears

tcrindicate that, at least near the leading edge, the

approximation 1/~~2 is not completely desoriptive

of the changes ~h~t_rnay occur. It may be possible to

arrive theoretically at a result that agrees with the

experiments. The theoretical treatment is excocdingly

complicated and an accurate result, if present. methods

are used, can be arrived at only by a method of suc-

cessk. approximaticms. The probkm should, never-

theless, be further examined theoretically.

Apart from the discrepancies thus far discussed be-

tween the theory and the experiments, theory providosno

clue regarding the limits within which the application

of the theory maybe expected to yield fair results. Any
effect that Reynolds Number variations may have. and
the upper limit of speed to which the theory is applica-
ble must of necessitybe determined from other sources.

The effect cif Reynolds Number on the maximum
negative pressures obtained apperm to be of no im-
portance withhi the range of three experiinente. l?iiure

15 shows the results of teste made of the same model at
low speeds in the variable-density wind tunnel for tho
Reynolds Number variation covering tho data herein
prcwnte.d (reference 11). The measured maximum
negWQve-pressurecoefficients for the upper and the
lowrersurfaces are plotted against lift coefficient in
figure 15. It is apparent from the low-speed remdts
(M=O.06) that the Reynolds Number effects are in-
dgni6cant. The marked progressive displacement of
the curves for the higher speeds then indicates that the
pressure coefficients are far more seriously affected by
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compressibility thtm by Reynolds ~umber within the

range of these tests. It is important to note, therefore,

that data taken at high Reynolds ~umbera obtained

by increasing the speed must be corrected for com-

pressibility if they are to be applied at equal Reynolds

Numbers but at lower speeds.

The upper limit of the speed range to which the

theoretkd allowanoe for compressibility effects maybe

applied with fair results can logically be assumed to be

the speed at which the potential flow postulated by the

theory fails as a result of the formation of a compression

shock. In itself, however, the theory indicates no

de&ite limit other than the speed of sound; therefo~e

other mesas for studying the condition must be used.

This problem fl be further discussed in connection

with the derivation of methods for estimating the

criticaI speed.

COMPRESSIBILITY EFFECTS IN THE SUPERCRITICAL
REGION

The phenomena in the supercritical region, that is,

for speeds above that at which the compressibility

burble oocurs, are entirely unrelated to those just dis-

ouesed. The discontinuities in the pressure-distribution

diagrams and the corresponding schlieren photographs

indicate that compression shock occurs when the maxi-

mum velocity over a portion of the airfoil exceeds the

10CCIspeed of sound. With further increase in stream

velocity, the 10001 velocities over the forward portion

of the airfoil continue to increase, greatly exceeding the

local speed of sound; the discontinuity, or comprwion

shock, moves rearward sJong the airfoil, uMimately

reaching the trfiling edge. With further increase of

the stream velocity, other tests (reference 1) have

shown that the shock remains at or near the trailing

edge but with considerable downstream slope, the sIope

increasing with speed. The Signi6cant characteristic

of the flow in the supercritical region appears to be the

existence of supersonic speeds over a portion of the

airfoil and, of course, the compression shock that occurs

at the downstream boundary of the supersonic speed

region.

The occurrence of the compression shock can be

visualized from elementary considerations. It has
been shown that the speed of sound is the normal rate

of pressure propagation; therefore the high-pressure

low-speed field existing at the rear of the airfoil can

affect the flow in the supersonic region only at the

boundary. Within the supersonic field, the velocity

and the pressure at any point are thus uninfluenced by

conditions in the low-speed high-pressure region at the

rear of the airfoiI; but ultimately the low-pressure air

must be compressed to return to equilibrium with the

air stream back of the model. Compression of the

supersonic air in smooth normal fashion requires, as

nozzle studies have indicated, a contraction of the

stream. The stream boundary formed by the airfoiI,

however, is the reveme, forming effectively an expa.n-

sion; and, in supersonic flow, this expansion leads to

further increases in speed with still lower pressures.

As the low-pressure air cannot pass off into the high-

-pressure region without setting up the obvious impos-

sibility of tension, some unusual type of flow must

occur.

Imagine, momentarily, that the low-pressure air of

high kinetic energy meets the high-pr~ure region and

that equilibrium is mtabliehed through interchange of

the kinetic energy of the molecules of the low-pressure

and the high-pressure air. lf the layer through wbioh

equilibrium was brought about were Wtely thin,

then the obvious impossibility of regions of tension in

the air is circumvmted. In the energy interchange,

the pressure of the air of supersonic speed wotid be

increased to duee that would permit normal com-

pression over the rear part of the airfoil, and these

values wouId generally exceed the preamre corre-

sponding to the local speed of sound. Following the

layer or compression shock, subsonic speeds would

occur and compression over the remaining portion of

the airfoil would take place in the normal manner.

Within the compression shock, however, a considerable

amount of kinetic energy would be dissipated in the

energy interchange because of the internal friction, or

wiscosity, of the air. The energy dissipated by the

internal friction, or viscosity, would be converted into

heat, thereby beooming unavailable to the flow, and

would appear in the flow as decreased total pressure or

increased drag on the model.

The movement of the shock front with increasing
speed is not welI understood, but it is possible h- . .

reason why the shook front should move rearward with

increasing speed. If the influence of my 100al pres-

sure disturbance is considered to be transmitted in all

directions at the normal speed of sound, at any and all

time intervals a pressure disturbance at the trailing

edge will proceed from the trding edge at the local

speed oi sound. The forward-moving portion of the

disturbance, however, traveIs at a speed that decreases

because of the increasing local velocity of flow at

points close to the airfoil surface. Finally, the for-

ward-moving portion of the disturbance is stupped at a

point where its local velocity equals the local stream

velocity; a sharp front thus results as the continuous

disturbance from the trailing edge piles up. In the

shock front, however, the local speed of sound is iu-

creased over the normal stream value owing to the

intensity of the disturbance that has now been formed

and because of the increased speed of sound resulting

from the temperature or heat increase at the shock.

The velocity at the front thus exceeds the normal speed

of sound in the stream. Ultimately, however, an equi-
librium is reached at acme point on the aidoil where

the supersonic speed over the forward portion is equal

to the 10CSJspeed of propagation of the disturbance.

At this point, then, the transverse compression shock

is stationary. Now, with increasing stream velooity,
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the local velocities in front of the shock are increased
and the shock front therefore tends to be swept farther
back to. a new equilibrium position. The intensity of
the shock tends to become. somewhat more severe,. as
indicatml’ by previous discussion; but it appears from
the experimental data that the bcre~e ~ 10C~.speed
of sound at the. shock front ie not so rapid as the in-
crease in the local velocity of flow over the forward
portion of the airfoil with increw Of stream velocity.
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If this condition is assumed, then, the shock front must
move tc the rear with an increase in speed.

Similar phenomena have been olmrved in nozzles
operating with excessive baclc pressure (reference 12).
Pmndtl and others have examined the phenomena and
find that considerable energy is lost in the compression
shock. B“riefly,the high-speed air at the compression
shock loses a large amount of kin@ic energy, only a
part of which is recovered as pressure; and the remain-
ing energy, becomjng unavailable to the flow, appears
as heat. From studies of the phenomena occurring in
a nozzle, formulas for calculating the increase in pres-
sure due to the compression ~hock have been. derived.
These methods were first applied to an airfoil in refer-
ence 2. From the pressure fornda of reference 2,

:=-#kd=’l+’
figure 16 has been prepared to compare the resulte of
the calculated and the measured pressures behind the
shock. The measured data are for the airfoiL upper
surface for an angle of attack of 1°52.5’, and the data
are plotted as ratios of the local absolute pressure to

the total pressure or the pressure at the stagnation
point of the airfoil.

Because the theory does not give a clear indication
of the point at which the compression shock occurs,
the. theoretical curves .of @gure 16 were determined by
assuming that shock may occur for any pressure in the
supersonic-flow region of the airfoil and then computing
the corresponding pressure after the shock. The dif-
ference between the theoretical and the experimental
curves. at--any point along the chord thus slIows the
theoretical increment of pressure if shock had occurred
at that point on the airfoil. The location of the shock
is sh&vn by the experimental results and therefore, at
this location, the measured and the theoretical pressure
cha.ng”win the. actual shock can be compared. It is
apparent that the calculated pressure increases far
exceed. the measured values.

There are several reasons for the discrepancy.
E’undamentdly, however, the theory of simple shock
assumes completion in an infinitely thin layer from
the pressure corresponding to the nl~ximunl flow
velocity in front of the shock to the final pressure after
the s,ock. Actually, the compression does not take
place~h this manner. Somo of the diagrams indicate
that Some small compression occurs smoothly, and
prob@ly without materird energy 10SS,just before the
shock; Iikew&e, behind the shock, a similar condition
appears. Further, the shock does not occur in an

ir&itely thin layer. These effects would tend to

ksen the intensity of the shock by allowing less de-

celeration of the more rapidly moving moIeculw in the

sup&onic region. In the computation of the. thco-

reticid pressure increments, the one-dimensional-flow

equations are used, which are based on the assumption

that the flow passes through the shock perpendicular

to the wave front; the possibility of separation and the

effect that it may have on the direction of the flow are

not considered. Separation is extremely likely, l.w-
c.ause the shock is, in effect, a large adverso-pressure
gradient; Considerable further experimentation ap-
pears to be necessary.

The magnitude of the kinetic-energy 10SSin the
shock for all the data has been computed from the
pressure-distribution data and the results me shown by
the plotted points in figure 17. The abscissas have
been taken as the ratio of the local pressure in front
of the shock to the total pressure in front of tho shock,
rather than the compressibtity index of the air strcmn
M, to permit better correlation of all the data. I-Iad
the air stream M been chosen for the abscissns, the
data for each angle of attack would have been displaced
and no clear indication of the critical presure at which
the shock forma could have been obtained. The o.rdi~
nates, the kinetic-energy-loss coefficients, represent the
difference between the kinetic-energy change in the
shock and the work done by the air in overcoming tlm
pressure d~erence at the shock divided by the kinetic
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energy in front of the shock. When no shock occurs,
the value of the kinetic-energy-loss coefEcient is zero.

Briefly, the formula is derived as follows:

K. E. M AK. E.– (work done)
&LL.= ~ = K. E.,

where KB.L. is the kinetic-energy-loss coefficient and
K. Iil is the ldnetic energy in front of the shock. If it
is assumed that

pful= p&~

and P2–PI=PIU1(U1–%)

where u is the local velocity of the air stream,

(By– ,

“L=(aik’%P

In the computation of the values of K=.L. shown iu

figure 17, the pressures me taken from the pressure-

distribution diagrams of figures 3 to 5. In general,

the value of pz appears to be near the pressure corre-

sponding to the local speed of sound in front of the shock.

The values of pl and pa taken for the calculations are
indicated by the arrows on the pressure-distribution
diab~ams.

The experimental data are consistent in regard to the
amount of kinetic energy lost for any given pressure
ratio but the actual loss is approximately hrdf the theo-
retical value. The discreprmcy arises for exactly the
same reasons that the experimental and the theoretical
pressure increments in the shock fail to agree. Theo-
retically, it is assumed that the shock is an infinitely
thin layer and that all the compression occum within
the layer. The pressure diagrams show that the dis-
turbed region is rather wide and indicate that the actual
discontinuity is preceded and followed by regions of
increasing pressure in which there is probably no 10S.
Very little is actually known of the flow in the dis-
turbed region but the existence of a region of adiabatic
compression immediately ahead of the shock, in part.icu-
la.r, should be further investigated to determine the
possibility of extending this region and thus of obtaining
reduced shock intensity or a delayed compressibility
burbIe.

The loss in total pressure caused by the shock on the
upper surfaco of the airfoil is shown in figures 18 t.o 21.

Figures 18 to 20 show the distribution of the loss and
the pressure-distribution diagrams for the upper surface
of the airfoil. hToloss due to compression shock occurs
until the stream velocity exceeds the local speed of
sound. For even small speed increments above the
critical, however, there are large increases in the t@d-
presswre10ss. The extent of tie shock in a direction
perpendicular to the chord in extreme cases (speeds at
the trailing edge in excess of sound speed) is Iarge and is
approximately 130 percent of the chord. The shook
thus extends about half the tunnel radius from the
model. h’ear the model ends, therefore, there may be

some tunnel-wall effect that may tend to intensify the

shock ]Ody. This effect, however, should not be of
importance at the center section where these measure-
ments were made.

Integrated values of the total-pressure 10SSdue to the
compression shock are a.measure of the drag increments
experienced by the airfoiL These TWIUWfor alI the
angles of attack investigat~d are shown in figure z I

I I I 1 , 1 , ,
d I I (

FIGURE Ii.—Klnetlc*nergg-Ims caefdcisnt for the eompresfon shock on ths N. “A.
C. A. 441Z~Ou.

against the pressure ratio pi/H and, though only quali-
tative as previously explained, the increase of the 10S
with decrease of pressure ratio pJE or increase of speed
is consistent with the increase that might be expected
from pressure-distribution and force-test data.

The theoretical total-pressure 10SSappears to be
somewhat less than the values measured and integrated,
which indicates a seriousloss other than the direct shock
loss. This possibility is further illustrated by the pres-
sure change in the shock, indicated by the tcdal-pres-
sure measurements shown in figures 18 to 21. These
pressure diEerenceswere obtained by assumingthe total-
pressureloss in the shock to be represented by the maxi-
mum value of the ratio (H— 272)/23outside the normal
wake region. From the theoretical relation, the cor-
responding value of the pressure in front of the shock
was determined and the corr~ponding pressure behind
the shock was computed. The very large disagreement
between the pressure changes thus shown and the
measured values indicated by the pressure-distribution
diagrams can hardly be accounted for by any of the
previously discussed limitations of the theory. The
remiltsseem to indicate energy losses in addition to the
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kinetic energy dissipated in the shock. Considerable
further investigation appears necessary before complete
understanding of the compr~ibilit y-burble phenome-
non can be achieved.

THE CRITICALSPEED .

It is apparent from the preceding discussion that the
most important detrimental effects arising from com-
pressibility phenomena do not appear until the critical
speed is reached. It is important to bow the value of
the critical speed for many applications, such as propel-
ler problems and future high-speed aircraft, particularly
those designed to operate at altitudes where, owing to
the low temperature, the speed of sound is 10W. The
theory thus far developed is not explicit and the first
work of consequence was the electric analogy used by
G. I. Taylor (references 13 and 14). From this method
Taylor found that, when approximately the local speed
of sound was attained, the theoretical potential flow
failed. Further analytical examination (reference 15

and 16) indicated that certain hypothetical flows cotid

exceed the speed of sound without comprdon shock

but by only a few percent. For engineering approxi-

mation, this work indicates that the critical speed can

be taken as the value of the translational velocity at

which the sum of tranalationa~ and induced velocities

equals the local speed of sound.

This assumption is substantiated, in general, by the

data reported herein. The liinetic~nergy-loss data,

nearly d of the pressure-distribution data, and the

total-pressure measurements indicate that the com-

pressibility burble occurs when the local speed of

sound is reached or only slightly exceeded. Using this

assumption and the relation

‘=&’

where l’. is the incompressible or low~peed local-pres-

sure coeilicient, Jacobs, by placing ~ equal to the value

corresponding to the speed of aaund, devised a relation

for the critical speed. (See reference 2.) The curve

derived is given in figure 22. The abscissas are the

low-speed or incompressible-flow values of the local-

pressure coefficients and the ordinates are the critical-

speed indices. A variation of this curve with abscissas

equal to the thickness-chord ratios for eKptic cylinda

is given in reference 17. For purposes of comparison,

however, Jacobs’ original curve is given. Results from

these and other experiments are shown as the plotted

points. The points shown for the circular cylinder are

based on Stanton’s pressure-distribution experiments

(reference 18) and potential-flow theory, and the

critical speed is based on low Reynolds Number experi-

ments in the 1l-inch high-speed wind tunnel.

N the experhnentrd results indicate lower critical

speeds than shown by the curve. The airfoil data for

conditions in which the maximum negative pressure

occurs near the nose indicate lower critical speeds than

the other airfoil data. The reason for the diilerence

is the underestimation of the compressibility effect by

the theoretical term 1/311—.M, a detailed discussion of

/.01 I i ! t I I I I I , t 1 1 1 1 1 I 1 h i

.,WOX”— kstimafed fr”w” Meoryfref 2)
MA. C.A, 44[2 airfoil; X-MUX. tl

I

3
ihducedpressure occurs

fin edge
-fm ers fref/7)
iihders
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,--
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FIGU= 2Z-CrItieal-@ ratio for vsrlons values01the madmom Inducedpressom
roduoffon for compr8@ble now.

which has previously been given. From the variation

shown by the curve and the experimental points, how-

ever, reasonably accurate estimates of the critical speed

may be obtained for flows approximating ttwo-dimen -

siona.1conditions.

CONCLUSIONS

1. The physical nature of the flow change called the

compressibility burble is shown. The large drag incre-

ments occurring at high speeds are associated with the

kinetic-energy losses caused by a compression shock

and thwe losses appear in the flow as decreased total

pressure.

2. The theoretical information avaiIable is applicable

only for speeds below the critical, that is, below the

speed at which the compression shock forms; and, even

in this range, the theory appears greatly to underesti-

mate the compressibility effect for certain conditions.

3. The data permit a reasonably accurate estimation

of the critical speeds for approximately two-dimensional

flows.

4. Further theoretical study and experiment are

desirable to enable more accurate prediction of the

critical speed for two-dimetional flow and an extension

of the present Imowledge to three-dimensional condi-

tions. The fundamentals of the disturbed flow should

be further investigated experimentally to determine

completely the nature of the actual flow from which it

may be possible to effect a delayed compressibility

burble.

LANGLEY NfEMORIAL AERONAUTICAL LABOR~TORY,

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS,

LANGLEY FIELD, VA.,WV 6.1938.
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